Microtubular structures were self-assembled in aqueous media from a newly synthesized bolaamphiphile, bis(N-a-amido-threonine)-1,3-propane dicarboxylate. The self-assembly process was examined at varying pH. The formed microtubes were then functionalized with the highly glycosylated protein mucin. In nature, the O-linked saccharides of mucin are generally associated with Thr or Ser residues of protein scaffolds. In this work, peptide microtubes with threonine functionality were prepared synthetically in order to enhance the affinity of the microtubes toward mucin, thus mimicking natural proteins. After binding the mucin to the microtubes, we investigated the biocompatibility of those materials by conducting in vitro cell attachment, cell proliferation, and cytotoxicity studies using normal rat kidney (NRK) cells. The studies revealed that the biomaterials were nontoxic, biocompatible, and showed significant adhesion to the cells. It is well known that natural mucins may degrade into their motifs; however, upon binding to the surface of microtubes, their stability may be increased. Because mucin is one of the major components of mucoadhesion, and various types of mucins are ubiquitous in human tissues, such mucin-bound microtubes may potentially be used as mucoadhesive materials for targeted drug delivery and improve the localization of drugs.
INTRODUCTION
Over the past few years, attention has been focused on the development of new biomaterials for various biomedical applications (1) (2) (3) (4) (5) (6) (7) (8) . The potential use of nanoparticles as drug carriers is of particular interest because drugs can be released in a suitable manner and the particle sizes can be manipulated in order to target different tissues. Further, these particles can be made in different forms to increase the bioavailability of the drugs and reduce undesirable effects. Among the various types of nano and microparticles studied, liposomes are known to be important drug delivery systems for the systemic administration of drugs, antisense oligonucleotides, and plasmids for gene therapy (9) (10) (11) . Some of the advantages of liposomes include their ability to selectively accumulate at specific sites such as sites of inflammation or tumors (12) . Drug delivery systems, formed from various types of nanoparticles, establish an alternative to liposomes. The adaptability of particulate technologies has allowed for the modification of the nanoparticle-based drug delivery systems with respect to the target, specific pharmacokinetic profile, and means of administration. Some examples include polymeric nanoparticles (13) (14) (15) , porous hollow silica nanoparticles (16) (17) , and cyclodextrin nanoparticles (18) (19) . It is understood that the surface property of nanoparticles is the controlling factor for the fate of nanoparticle drug complexes in vivo, including cellular interactions and drug release properties. Therefore, the manipulation of surface properties of nanoparticles is an essential part of targeted drug delivery. The modification of particle surfaces can be achieved by specifically functionalizing the particles. Recently researchers functionalized gold nanoparticles for use as carriers of anti-angiogenic and anticancer agents (20) . Functionalized carbon nanotubes have also been found to be applicable for gene and drug delivery (21) (22) (23) .
Nanotubes and microtubes self-assembled from peptide bolaamphiphiles (amino acid head groups covalently bound via hydrocarbon chain), exhibit several different properties that make them promising biomaterial candidates, including facile self-assembly in aqueous solutions and adaptability to functionalization for increased biocompatibility (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) . The peptide head groups can be readily modified in order to manipulate and potentially alter the properties of the self-assembled micro and nanostructures. Although many biomedical applications related to peptidebased nanotubes (35) (36) (37) have been investigated, the immense potential of peptide nanotubes and microtubes has yet to be extensively investigated.
In this work, we have synthesized a new peptide bolaamphiphile, bis(Nalpha-amido-threonine)1,3-propane dicarboxylate. This bolaamphiphile contains threonine head groups, which are connected by a propyl carbon chain. The self-assembly of the structures formed from this bolaamphiphile was studied at different pH values. In general, we found that in a pH range between 4 through 6 microtubulular structures were formed. The microtubes were then functionalized by covalently binding them to the glycosylated protein mucin. Recently, researchers have attached carbohydrate-functionalized polymers that mimic the structures of mucin glycoproteins to carbon nanotubes for specific receptor binding (38) . It is well known that in nature, the carbohydrate chains of mucins are attached to the oxygen atom of threonine or serine (39) by N-acetyl galactosamine linkages.
Thus, in order to mimic nature, we have prepared microtubules with threonine moieties, and have attached those microtubes to bovine mucin. Because mucin is one of the major components of mucoadhesion, it may help to both improve the localization of drug delivery and deliver molecules that were previously problematic by other delivery methods (40) (41) . Several transmucosal drug carriers have been designed to adhere to the mucosal surface of the nasal cavity and the buccal cavity (42) . Natural mucin may degrade into its motifs; however, upon binding to the tubule surface its stability may be enhanced. Further, depending on the specific target, the microtubes can be functionalized with different types of mucin. Mucoadhesive drug carriers have attracted considerable attention as mucous membranes are reasonably permeable and, hence allow rapid uptake of a drug into the circulatory system. Thus, the mucin bound microtubes are very promising vehicles for drug delivery. The scheme for functionalization of the microtubes with mucin is shown in Fig. 1 . The attachment of mucin to the microtubes was confirmed by Fourier transformation infrared (FTIR) spectroscopy, transmission electron microscopy (TEM), and scanning electron microscopy (SEM) analysis. Finally the biocompatibility and cell adhesive properties of the mucin-bound microtubes were examined in the presence of normal rat kidney (NRK) cells. Such mucoadhesive microtubes may be of potential importance in targeted cell adhesion, controlled drug delivery applications, enhanced bioavailability, and may provide a significant improvement in therapeutic efficacy. (NHS), triethylamine, DMF, methanol, acetone, DMSO-d6 with 0.1% v/v TMS, hydroxybenzotriazole, and bovine submaxillary mucin were purchased from Sigma-Aldrich and used as received. Buffer solutions of various pH values, hydrochloric acid, and sodium hydroxide pellets were purchased from Fisher Scientific. Normal rat kidney cells were purchased from the American Type Culture Collection (ATCC CRL-6509) and cultured in Dulbecco's Modified Eagle's Medium supplemented with 100 units/ml penicillin, 100 mg/ml streptomycin and 10% fetal bovine serum at 37uC in a humidified atmosphere of 5% CO 2 .
Methods

Synthesis of bis(N-alpha-amido-threonine)-1,3 propane dicarboxylate
The bolaamphiphile bis(N-a-amido-threonine)-1,3 propane dicarboxylate was synthesized by modification of previously established peptide coupling methods (43) . The hydroxyl group of threonine-methyl ester was protected as Bzl (benzyl methyl ether). The product obtained was set aside before coupling with the activated glutaric acid. Glutaric acid (0.90 g, 1.9 mmol) and 1-hydroxybenzotriazole (1.12 g, 4.1 mmol) were mixed together in DMF and were added to EDAC (1.72 g, 3.8 mmol) in 25 mL chlorofom with stirring at 22uC. After an hour, the protected threonine methyl ester (2.72 g, 4.12 mmol) was added. Triethylamine (0.6 mL) was added immediately thereafter to the reaction mixture. The contents were stirred for 24 h at 2uC and then allowed to sit until it reached room temperature conditions. The intermediate obtained was washed with cold citric acid and sodium bicarbonate and recrystallized from DMF. In order to remove the protecting groups, the reaction mixture was subjected to base hydrolysis at 90uC for 4 h. The reaction mixture was then brought to room temperature, and treated with 0.1 M HCl. It was then rotavaped to obtain the final product. The product obtained was then washed with cold acetone, yielding a pale yellow product (62.5% yield), and re-crystallized from methanol. The 
Self-Assembly
Individual stock solutions (8 mM) of the bis(N-alpha-amido-threonine)-1,3 propane dicarboxylate monomers were prepared in buffer solutions 24 
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ranging from pH 4 to pH 10. In general, the materials were allowed to selfassemble for 7-10 days. Aggregates of various assemblies formed were then washed in nanopure water, followed by sonication for 30 min. The sizes and morphologies of the structures formed were examined by TEM, SEM, and atomic force microscopy (AFM). The formed microtubes were found to be stable for months at room temperature.
Attachment of Mucin to Microtubes
The peptide microtubes (500 mL) were immersed in an aqueous solution of 30 mM EDAC (200 mL) and 15 mM N-hydroxy succinimide (200 mL) and shaken vigorously for 1 h to activate the carboxyl groups of the microtubes. This solution was then mixed with 500 mL of mucin (0.1M) in nanopure water and allowed to react for 24 h at 2uC in order to allow for reaction to occur between the free carboxyl groups of the microtubes and the amine groups of the glycoprotein mucin. It is to be noted that before addition the mucin solutions were centrifuged at 4,000 rpm for 2 h and then filtered through 0.2 micron filters to remove any aggregates. The final concentration of the mucin in solution was determined by uv-vis spectroscopy at a lmax of 280 nm (44) .The microtubes were then washed exhaustively with nanopure water and centrifuged in order to remove any unbound mucin. This process was repeated thrice. The incorporation of mucin on to the microtubes was confirmed by FTIR, TEM, and SEM analyses. ). After allowing the cells to attach and spread for 5 h, mucin microtubes (25 mL) were added into wells containing 2 mL final volume of media and incubated with the cells for an additional 48 to 72 h. To determine cell viability, the adherent and any unattached cells were collected from each well by trypsinization and the number of live cells were determined by trypan blue exclusion. The cells were counted using a hemocytometer. To document cell morphology, photomicrographs were taken using an inverted Olympus CK 30 phase contrast microscope directly through the eyepiece using a hand-held Olympus C-50 zoom digital camera.
Cell Viability and Morphology Assays
Characterization
The particle sizes and morphologies of the materials were analyzed by TEM, SEM, and AFM. For TEM, the samples were vortexed for 5 min following which 5 ml of the samples were pipetted onto a carbon coated copper grid and analyzed at various magnifications. TEM analyses were carried out using a JEOL-120EX instrument, operated at 100 kV. AFM measurements were carried out using Quesant Instruments Universal SPM. The samples were analyzed in tapping mode using silicon nitride SPM cantilevers. SEM analyses was carried out using a Hitachi-2600N SEM operated at 25 kV. Infrared Spectroscopy: Fourier transform IR (FTIR) spectra were recorded using Mattson Infinity FTIR infrared spectrophotometer in the range of 4000-400 cm 21 . Samples were dried at room temperature and then KBr pellets were prepared. The % transmittance of the samples was measured.
NMR Spectroscopy was carried out using a Bruker 300 MHz high performance digital NMR spectrometer.
Absorption Spectroscopy: The absorption spectra for the drug release studies were recorded in a range of 190-400 nm using a Cary-300 Bio Varian Spectrophotometer.
RESULTS AND DISCUSSION
In order to mimic natural biological structures, many peptide assemblies have been synthesized thus far (45) (46) (47) (48) . It has been observed that many such assemblies are promoted by protonation and/or hydrophobic interactions between the peptide moieties and they are formed either instantaneously or over a period of time. We have synthesized a new bolaamphiphile, HOOC-Thr-NH-CO-(CH 2 ) 3 -NH-COThr-COOH, which has two carboxylic acid groups at the end of the head groups. For this study, the alkyl spacer between the head groups was limited to three methylene groups. The effect of varying the alkyl chain length on the self-assembly process is being currently studied and will be reported separately. The bolaamphiphiles are predicted to be pH sensitive because of the presence of the carboxyl groups. Although hydroxyl groups are also present in the threonine moiety, they remain largely uncharged (49) and are involved in hydrogen bonding interactions. After synthesis, the bolaamphiphile was mixed with solutions of various pH to allow for the growth of various nano and microstructures. In general, assemblies at various pH appeared after 10 days at room temperature.
We observed high yields of tubular formations in a pH range of 4-6, in the size range of 500 nm to 2 microns in diameter. However, at higher pH (.8), globular structures were observed. The SEM and AFM images of the structures obtained are shown in Fig. 2 . Fig. 2(a) shows the SEM image of microtubes formed at pH 6. Similar structures were observed at pH 4 and pH 5 (data not shown). Fig. 2b shows the amplitude AFM image of globular microstructures formed at pH 9. The variation in types of structures formed is most likely due to the difference in the hydrogenbonding pattern at different pH. The proposed three-dimensional assembly mechanism is shown in Fig. 3 . At pH ,7, hydrogen bonding interactions exist between two COOH groups via acid-acid dimer interactions, intermolecular amide-amide hydrogen bonds as well as intermolecular hydrogen bonding between the hydroxyl groups and the adjacent carboxyl groups and amide groups. However, at higher pH (pH .8), acid-anion interactions are involved due to deprotonation of the carboxyl groups in addition to amide-amide hydrogen bonds and hydrogen bonding due to the hydroxyl groups. Thus, higher strength of hydrogen bonding at lower pH leads to tubular structures, due to tighter intra and intermolecular interactions, leading to sheetlike structures (Fig. 3b-three-dimensional model) , which can fold up to form tubes, while the acid-anion interactions of the carboxylic groups at high pH reduces the hydrogen bonding between the monomers, and does not allow as much strong interactions leading to globular extended structures. The hydrogen bonding interactions were further explored by FTIR spectroscopy.
FTIR Spectroscopy
In order to elucidate the hydrogen bonding interactions involved, FTIR spectroscopy was used to analyze the various assemblies. The FTIR spectrum of tubular structures obtained at low pH (pH 4), is shown in Smart Cell-Adhesive Mucin-Bound Microtubes 27 Fig. 4(a) . The peak at 1630 cm 21 is assigned to the carbonyl group of the amide I stretching vibration and is indicative of acidic b-sheetlike structure formation (50) . The C5O group of carboxylic acid vibrations have been observed in some bolaamphiphile assemblies as well as several amphiphiles with gluconamide head groups around 1740 cm 21 (51). However, in the case of the microtubes, this peak is red shifted to 1720 cm 21 because those C5O groups are involved in H-bonding interactions with the N-H of the amide groups. In general, red shifted carboxylic acid frequencies indicate stronger hydrogen bonding due to the -COOH groups (52) . The peak at 2990 cm 21 is assigned to the aliphatic C-H stretch due to the connecting methylene groups. A short peak is observed at 1537 cm 2 1, which is assigned to the amide II bending vibrations. The peak at 1260 cm 21 is assigned to the stretching vibrations due to the C-O bonds in the carboxyl group, while peaks at 1410 cm 21 and 1473 cm 21 are assigned to the C-O-H bending vibrations due to the carboxylic acid groups. The region between 2500-3700 cm 21 is broad due to the overlap of the carboxyl group as well as the -OH group from the alcohol group and the NH from amide group. Further, a very broad peak in this range indicates strong hydrogen bonding interactions due to -OH groups.
At higher pH (Fig. 4b ) (pH 9), peaks are observed for the amide I group at 1645 cm 21 , while a relatively less intense C5O peak due to the carboxyl group is seen at 1735 cm 21 . Those peaks are blue shifted compared to low pH, due to diminished hydrogen bonding interactions. The peaks at 1407 cm 21 and 1472 cm 21 are assigned to C-O-H vibrations. It is to be noted that the region between 3100 cm 21 and 3500 cm 21 is still fairly broad due to the presence -OH groups and amide groups. From the aforementioned analysis it appears that hydrogen bonding between acid-acid dimer and intermolecular amide-amide hydrogen bonds play a crucial role in the formation of microtubular structures.
Attachment of Mucin to Microtubes
The self-assembled microtubes formed were used for the incorporation of mucin. Nano and microtubular structures have several advantages such as having a uniform surface with hollow ends, and may be used for encapsulation of enzymes, drugs, DNA, and various other materials. The outside walls of the tubes can also be coated with different types of materials for several applications (53) . The attachment of mucin to the microtubes was confirmed by FTIR spectroscopy, as well as TEM and SEM. The TEM and SEM images of covalently bound mucin-coated microtubes are shown in Fig. 5 . Fig. 5 (a) represents a low magnification image of mucin-coated microtubes while Fig. 5(b) represents a SEM image of a single mucin-coated microtube. When compared to uncoated tubes (Fig. 2a) , it is clear that the surfaces of the tubes are uniformly coated with mucin as the surfaces of the tubes are no longer smooth, but are replaced by furry mucin coating. Natural mucins are glycoproteins present on the surface of many epithelial cells. They have a protein backbone, which consists of both highly glycosylated and unglycosylated regions (41, 54) having a high content of Ser and Thr along with other amino acid groups. Mucin was coupled to the microtubes by coupling the free carboxyl groups of the microtubes with the amino groups of mucin. Further, the presence of threonine moiety in the microtubes also supports stronger interactions between the microtubes and mucin. The incorporation of mucin on the surface of the microtubes was also confirmed by FTIR analysis as shown in Fig. 6 . Prior to the immobilization of mucin, the IR frequencies observed for the microtube are shown in Fig. 4(a) . However, after incorporation of mucin, significant changes are seen in the IR spectrum (Fig. 6b) . The spectrum of the mucin-coated microtube agrees well with the neat mucin spectrum (Fig. 6a) . In addition it is to be noted that the peak at 1720 cm
21
, due to the free carboxyl groups present in the uncoated tubes, is absent in the mucin-coated microtubes, indicating that those groups were involved in covalent binding with mucin. These results indicate that mucin was incorporated on the surface of the microtubes.
Cytotoxicity, Cell Adhesion, and Cell Morphology Analysis
To determine whether the mucin-bound microtubes could be used in biomedical applications, we investigated their biocompatibility by conducting in vitro cytotoxicity and cell-proliferation studies with cultured normal rat kidney (NRK) cells. Trypsinized cells were allowed to attach and spread in 12 well plates and 25 mL of microtube solutions were added to the culture media. In the light microscope, we observed no cell lysis or changes in cell morphology in the presence of mucin-coated microtubes. The cells remained relatively flat and well spread even when bound to large tubular aggregates (Fig. 7a) . Note that in the light microscope, numerous, small microtubes and nanotubes are not visible. In some trials, the microtubes and suspended cells were added to the culture plates concurrently. Under those conditions, many cells attached to and spread along large aggregates of microtubes. We also observed that the cells were capable of dividing and growing in the presence of the mucin-coated tubes. We found that the number of cells more than doubled after 24 h. We also examined the samples after a period of 72 h and the results indicated that the number of cells had tripled. Thus, the cells continued to proliferate in the presence of the mucin-coated tubes. Although we observed no cell lysis under the microscope, we determined the percentage of viable cells using the trypan blue exclusion assay after 24 h, 48 h, and 72 h of incubation. After duplicating the experiments, we calculated the average percentage of viable cells after different periods of time, as shown in Fig. 7b . We found that the percentage of viable cells was almost similar to control conditions lacking microtubes. These results suggest that not only are the mucin-coated microtubes non-toxic but also excellent substrates for cell adhesion. Such materials can be potentially useful for highly biocompatible mucoadhesive systems.
CONCLUSIONS
In this work, we have designed a new bolaamphiphile, bis(N-alphaamido-threonine)-1,3-propane dicarboxylate and studied its self-assembly process under aqueous conditions at varying pH. We observed that in general, tubular structures were obtained in a pH range of 4-6. The formed tubes were then functionalized with the glycosylated protein, mucin. We then examined the biocompatibility of those mucin-coated tubes in the presence of NRK cells. Such mucin-bound microtubes may play a key role in developing novel therapeutic agents that could be important in targeting specific genes and tissues and address several concerns related to the basic challenges in the synthesis of novel, biocompatible and safe delivery and controlled release of drugs.
